Abstract: Spondylolysis and spondylolisthesis are common diagnoses made in the athlete suffering from persistent back pain. Although the etiology of this continuum of conditions is uncertain, genetic predisposition and repetitive trauma have been strongly implicated. Sports in which participants are subjected to repetitive hyperextension across the lumbar spine pose a risk for such injuries. Football lineman, oarsmen, dancers, and gymnasts show high rates of these conditions. Treating the athlete with spondylolysis and/or spondylolisthesis can be a challenge. An inherent drive for return to competition, pressure from coaches and family, and obligations to the team can confound decision making on both the part of the patient and the treating physician. Although this motivation for prompt return to sports must certainly be considered, a safe return to competition is paramount.
S
pondylolysis is a term used to describe a defect in the pars interarticularis of a lumbar vertebra. Spondylolisthesis is the forward translation of one vertebra on another. Spondyloptosis describes the complete anterior displacement or dislocation of adjacent vertebral bodies secondary to a pars defect or abnormality. This disease process can be best understood as a continuum with spondylolysis representing injury without slippage and spondyloptosis representing the most severe form of listhesis.
CLASSIFICATION
There are several classification systems used to describe spondylolisthesis, of which the Wiltse-Newman classification is most widely accepted (Fig. 1 ). Wiltse and Newman divided spondylolisthesis into 5 types on the basis of causative factor for slippage. Dysplastic slips (type I) are due to congenital abnormality of the facet articulations. This structural abnormality most commonly affects the pediatric population and is most prone to neurologic deficits. Isthmic slips (type II) are the most common form of spondylolisthesis and represent slippage secondary to a pars interarticularis defect, either acute fracture or lytic fatigue failure. This type is also known as spondylolytic spondylolisthesis. Degenerative, traumatic, and pathologic spondylolisthesis are types III, IV, and V, respectively. 1 This review will focus on spondylolysis and isthmic spondylolisthesis (type II), the two most common structural spinal abnormalities observed in the athlete. Although rare in the athletic population, the treating physician must also be cognizant of the atypical presentation and risk of progressive neurologic deficit seen in dysplastic slips (type I).
NATURAL HISTORY
The natural history of spondylolisthesis has been extensively studied and well described over the past several decades. [2] [3] [4] [5] [6] [7] The etiology, however, has remained unclear. In addition to environmental factors, such as repetitive trauma, it is generally agreed upon that genetic predisposition plays an important role in the development of a pars defect. [8] [9] [10] [11] In the United States, the incidence has been shown to be 4.4% at age 6 with an increase of up to 6% by age 14.
2 Slip progression in isthmic spondylolisthesis occurs in only a small percentage of patients and is unlikely after adolescence. Dysplastic slips are more likely to progress and these athletes should be followed very closely. 3 Additional risk factors for progressive listhesis include disc degeneration at the slipped level, high slip angle, and high-grade slips that show progression. 12 Almost 90% of spondylolytic defects occur at L5, with L4 being the next most commonly affected vertebral level. Slippage is most commonly seen in association with an L5 lesion resulting in an L5-S1 spondylolisthesis. A defect in the pars interarticularis is 2 times more common in males. However, females are more prone to high-grade spondylolisthesis.
Spondylolisthesis is a highly variable condition with clinical severity ranging from an asymptomatic incidental finding to a disabling deformity. Several radiographic features have been shown to correlate with pain. Slips greater than 25%, spondylolysis or listhesis at the L4 level, and early disc degeneration at the level of the slip have all been implicated.
PATIENT EVALUATION
The most common presenting complaint is low back pain, which may be localized or radiated into the buttock and/or posterior thigh. The discomfort is typically described as a diffuse, dull ache, and can be unilateral. Although the onset may be acute, as seen in traumatic injuries, a gradual onset is far more common. The athlete may describe exacerbations with hyperextension and rotational movements and improvement with rest. Neurologic complaints are not infrequent in the adult athlete and are typically radicular in nature. Complaints of night pain are not consistent with this problem and should prompt further evaluation to rule out a more worrisome etiology, such as malignancy.
In addition to a thorough history of present illness, a detailed sport-specific history should be taken. An understanding of the requirements of the player's sport and position, training regimen, physical demands, and level of competition is useful in narrowing the differential toward spondylolysis and in directing treatment.
A comprehensive physical examination should include a detailed neurologic evaluation along with an assessment of gait and spinal alignment. Pertinent examination findings include postural changes such as a shortened waistline or flattening of the buttocks, increased lumbar lordosis, or scoliosis (which may be coexistent or related to paraspinal muscle spasm). A crouched gait and restricted straight leg raise may be present secondary to hamstring tightness. Tenderness in the lumbar region is typical and may be associated with a palpable stepoff in cases of significant slippage.
When present, radicular symptoms typically localize to the distribution of the exiting nerve root at the involved spinal motion segment (eg, L5 nerve in the case of an L5-S1 slip). Radiculopathy may manifest as pain, parasthesias, and/or weakness. The symptomatology is related to foraminal stenosis caused by pars fracture callus or listhesis. In cases of high-grade spondylolisthesis, such as those progressing to spondyloptosis, sacral root dysfunction may be evident owing to tenting of the cauda equina over the dome of the sacrum. A clinically significant neurologic deficit should prompt an expeditious radiologic workup.
RADIOLOGIC EVALUATION
Imaging studies are important in confirming the diagnosis. Any athlete complaining of persistent back pain should undergo radiographic examination. Anteroposterior and lateral plain films should be performed in the upright position. A ''spot lateral'' view centered at the lumbosacral junction and oblique views should be ordered as part of this series. The oblique views provide the best projection for visualizing the spondylolytic defect of the pars interarticularis (Fig. 2) . In addition to the static radiographs, flexion-extension views are useful in assessing stability of the involved motion segment.
In the patient with evidence of a high-grade slip with or without associated kyphosis, full length standing anteroposterior and lateral projections are useful in assessing overall spinal alignment. An accurate analysis of sagittal alignment on the lateral view requires the patient to stand with the knees fully extended and the arms extended forward with the hands at waist level. High-grade spondylolisthesis can result in sagittal imbalance that can be classified as either compensated (with excessive lordosis above the slip level) or decompensated. The presence of a clinically significant sagittal plane deformity can affect the treatment plan. 13 Bone scan may be indicated in patients with persistent pain despite negative radiographs. Radionuclide studies are highly sensitive but have low specificity. Acute fractures and those that are healing will demonstrate increased uptake at the pars interarticularis. Chronic defects typically do not have increased metabolic activity and will not illuminate. Single-photon emission computed tomography (SPECT) has higher sensitivity than bone scan and has now become the test of choice to diagnose occult pars defects. SPECT scans are also useful in distinguishing a lesion capable of healing from a chronic process unlikely to achieve osseous union. Patients with a positive SPECT have defects that are believed to be early in the lytic process and have a better chance of healing. 14 Computed tomography (CT) provides the best bony detail. This test can be useful in confirming the suspicion of a subtle pars defect not well demonstrated on plain radiographs. CT also allows for confirmation of healing in those fractures being followed to union. 15, 16 Magnetic resonance imaging of the lumbar spine is typically reserved for patients who present with neurologic symptoms along with low back pain. This study is most useful for identifying intervertebral disc pathology, neural element compression, and neoplastic disease. Magnetic resonance imaging, however, may also have utility in the early diagnosis of spondylolysis, allowing for identification of acute stress fractures of the pars when plain radiographs are negative. 17 
RADIOGRAPHIC MEASUREMENTS
A multitude of radiographic parameters have been described to assess spondylolisthesis. Measurements are typically drawn off of the upright lateral radiograph. The more commonly used measurements include slip percentage (Meyerding grade or Talliard method), slip angle, lumbar index, sacral inclination, and pelvic incidence.
The percentage of slip (Meyerding grade) and slip angle measurements are the most commonly accepted and most useful parameters in guiding treatment and prognosticating further slippage (Fig. 3) . Low-grade slips being defined by less than 50% slippage (Meyerding I or II) versus high-grade slips of greater than 50% displacement (Meyerding III, IV, or V). Increased percent slippage and higher slip angles (greater slip kyphosis) have the potential for greater disability and a higher likelihood of progression when compared with lesser slips. This is of particular importance in the skeletally immature athlete. Increased slip progression has been documented during the adolescent growth spurt and may prompt surgical intervention even in asymptomatic cases. 
TREATMENT
Treatment recommendations for spondylolysis and spondylolisthesis vary throughout the literature. There are no controlled trials regarding the relative efficacy of proposed management protocols. Furthermore, treatment can vary considerably depending on whether the athlete is skeletally mature or immature. Additional variables to be considered include the athlete's level of competition, career stage, and upcoming competition schedule.
The primary objective is to alleviate symptoms and allow for a safe return to competition. Most of the patients can be successfully managed with conservative measures, with over 90% of patients achieving goodto-excellent long-term outcomes. 18 However, in the setting of progressive listhesis or prolonged symptomatology more aggressive intervention may be necessary.
In the case of spondylolysis, the clinician must first determine whether the structural lesion is acute or chronic. This determination is based on history, age of presentation, and radiologic findings. Nuclear studies (bone scan or SPECT) that demonstrate increased metabolic activity localized at the pars interarticularis are suggestive of an acute injury (Fig. 4) . For the athlete with an acute lesion (eg, stress fracture or stress reaction), treatment is aimed at healing the osseous injury and avoiding progression to nonunion. In the more serious adult athlete, a secondary goal is to minimize the loss of training gains during the recovery period. Rest, in the form of temporarily restricting competition, is the mainstay of treatment for symptomatic spondylolysis or spondylolisthesis. Some authors have advocated removal from athletic participation for a minimum of 3 months. 15, 16, 19, 20 Certainly, these recommendations serve as guidelines only and are most applicable to junior level or recreational athletes. The high-level athlete may seek return to competition on a more urgent basis and can typically be progressed once symptoms have become tolerable such that they will not hamper performance.
Rehabilitation is added to the treatment regimen once the patient begins to experience a decrease in symptoms. For the higher-level athlete, relative rest by avoidance of physical maneuvers which provoke symptoms (eg, impact loading and torso rotation/hyperextension) may be combined with an even earlier return to a modified training regimen. In general, the therapeutic exercise program begins with low impact aerobic conditioning and core stabilization. Appropriate rehabilitation incorporates a gradual increase in the level of activity with eventual progression to sport-specific training. To avoid reinjury on return to play, the body mechanics of the athlete should be analyzed and a plan made to address any identifiable technical deficiencies. Physical therapists, athletic trainers, coaches, and the player should be actively involved in this effort to improve playing technique. 15, 16, [18] [19] [20] Although immobilization with an external orthosis has been a traditional adjunct to activity modification, there is a paucity of evidence to support this recommendation. To date, there have not been any controlled trials assessing bracing as a treatment for spondylolysis or spondylolisthesis. However, there are studies that support bracing in the setting of acute pars fracture. 19, 21, 22 Therefore, treatment with brace support is most often applicable to the skeletally immature athlete. The antilordotic thoracolumbosacral orthosis is the most commonly used brace for this purpose. Studies have demonstrated osseous healing of pars fractures in pediatric patients who have been braced for a period between 3 and 6 months. 21, 22 Bracing can be discontinued once evidence of union has been achieved. This is typically indicated by resolution of symptoms in conjunction with CT scan findings of bridging trabeculae across the fracture site. 15, 16 Bone scan may prove useful in determining whether or not healing is occurring in an athlete who does not show CT evidence of radiographic union or improvement of symptoms. If the fracture has gone on to nonunion, bracing can be discontinued once the patient is relatively asymptomatic. 15, 16 If the patient is asymptomatic and seems to be healing on imaging studies, continued brace treatment can be considered. 19 For the athlete who remains symptomatic for longer than 6 months, surgical treatment may be discussed.
Bracing in the adult athlete is of limited utility and is typically reserved only for those recreational athletes who are highly symptomatic. Bracing in this setting is most often used to ameliorate symptoms related to an acute inflammatory state, rather than to achieve fracture healing. Therefore, immobilization can be discontinued once symptoms have abated. In the unusual setting of an adult with an acute pars fracture, immobilization in an external orthosis may be a reasonable consideration. It is, however, understood that achieving bony union is more likely in the skeletally immature, particularly in those with young bone age. 19 In the high-level athlete, bracing may be counterproductive when considering efforts required to restore strength and reverse functional losses related to disuse. For most of these athletes, bracing would be deemed an unacceptable treatment option. From the high level and elite athlete's perspective, an expeditious return to their previous level of performance is often paramount.
As previously mentioned, the majority of athletes with spondylolysis will respond favorably to nonoperative treatment measures. In those who remain symptomatic after comprehensive conservative treatment or in those who suffer from recurrent symptoms consideration for surgery is indicated. The gold standard for treatment of spondylolysis is posterolateral fusion, with success rates approaching 90%. [23] [24] [25] As an alternative to fusion, direct repair of the pars defect may be considered for spondylolysis without evidence of listhesis. This technique offers the theoretical advantage of achieving fracture healing while preserving motion. A variety of surgical fixation methods exist for this procedure in which the defect is cleared of the fibrous tissue, bone grafted, and fixated using either lag screw placement, wiring, or pedicle screw/rod constructs. At this time, there have been no controlled studies comparing outcomes of direct pars repair with fusion.
The management of spondylolisthesis in the symptomatic athlete is the same as for spondylolysis and begins with nonoperative treatment. Conservative treatment, as outlined above, has yielded good results in most of the patients. [26] [27] [28] [29] Surgical treatment is reserved for those athletes with spondylolisthesis who have failed a comprehensive treatment course of at least 6 months and for those immature athletes with high-grade slips (Meyerding III or IV), whether symptomatic or not. It is generally accepted that skeletally immature patients with slips of more than 50% should undergo fusion, as they are at significant risk for further slippage. 3 Surgical intervention for spondylolisthesis involves fusion of the affected segment to the caudal segment. Most commonly this involves an L5-S1 posterolateral fusion. In high-grade slips, a 2-level fusion may be necessary, including the segments adjacent to the affected level. The use of instrumentation for fusions has remained controversial, but is clearly gaining in popularity. In the pediatric population, studies have shown that relief of symptoms can be expected in greater than 90% of patients treated with fusion regardless of whether or not instrumentation has been used. [23] [24] [25] Decompression is seldom necessary in the skeletally immature patient. However, decompression may be warranted in select circumstances of symptomatic foraminal narrowing, as seen in the adult population with coincident degenerative pathology. In the rare case of a young athlete with dysplastic spondylolisthesis, close observation is warranted. In these patients, any signs of slip progression or neurologic symptoms warrant surgical intervention, typically in the form of decompression and fusion.
The role for reduction in spondylolisthesis has not been well established. The goal is for reduction of the slip angle or kyphosis rather than the translation, which is less of a concern for spinal alignment and biomechanics. 30 Lumbosacral kyphosis can typically be compensated for in young athletes through increased lordosis in the healthy discs above. However, the long-term sequlea of being fused in a kyphotic position is unknown. As discs degenerate, the ability to compensate becomes increasingly limited and carries potential toward sagittal imbalance. Therefore, some author's advocate reduction of high-grade slips with significant slip angles greater than 45 degrees. Reduction can be, however, technically demanding and carries a significant risk of nerve root palsy, most of which are transient.
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RETURN TO COMPETITION
The average athlete with spondylolysis or spondylolisthesis can be returned to sports activities without restrictions once they are no longer symptomatic, regardless of whether or not they have evidence of a persistent nonunion. 18 Skeletally immature patients with spondylolysis or spondylolisthesis should be followed with serial clinical examinations and spot lateral radiographs at 6-month to yearly intervals until they have reached skeletal maturity. 2, 15, 16, 33 Adolescents at or near skeletal maturity do not require routine follow-up as they are unlikely to develop progressive spondylolisthesis. 15, 16 The decision for return to competition in high level or professional athletes should be individualized and is often based on input from the athletes themselves, coaches, physical therapists, and athletic trainers. It is our opinion, that in the absence of significant neurologic findings, it is permissible to release such an athlete to competition once they have demonstrated functional return to preinjury performance levels, even if they have not achieved an entirely asymptomatic state.
The decision to permit return to play after spinal fusion lies in the hands of the treating surgeon. Unfortunately, there are few available guidelines and no consensus reached regarding return to competition after spinal fusion. A survey of members of the Scoliosis Research Society found wide variation in postoperative athletic activity recommendations made by surgeons who perform fusions in the immature patient population. For spondylolisthesis, surgeons most commonly recommended return to low-impact, noncontact sports at 6 months and often permitted contact sports at 1 year. More than half of the respondents felt patients should not at any point be returned to collision sports. 34 In agreement with recommendations put forth by Herman et al, 35 it is our practice to allow unrestricted return to competition regardless of the sport in those patients who are asymptomatic, have achieved stable fusion, and are fully rehabilitated to their previous playing capacity. Typically, these athletes are permitted to return to competition within 1 year postsurgery.
Treatment of the athlete with spondylolysis or spondylolisthesis should be individualized to each athlete on the basis of age, severity of symptoms, level of competition, demands of his or her specific sport, and the experience of the treating physician. The ultimate goal of treatment is for a safe and swift return to competition.
